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Abstract
The observation of gravitational waves from the Laser Interferometer Gravitational-Wave
Observatory (LIGO) event GW150914 may be used to constrain the possibility of Lorentz
violation in graviton propagation, and the observation by the Fermi Gamma-Ray Burst Monitor
of a transient source in apparent coincidence may be used to constrain the difference between
the velocities of light and gravitational waves: cg − cγ < 10−17.
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The discovery of gravitational waves by the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in event GW150914 [1] opens a new era in astronomy, making pos-
sible the measurement of astrophysical processes that have been inaccessible to observa-
tions with electromagnetic waves. The question then arises what fundamental physics we
can learn from gravitational wave observations in general and LIGO event GW150914 in
particular. As examples, the LIGO Collaboration itself [2] has reported an upper limit
on the graviton mass mg < 10
−22 eV, and it has been suggested that observations of
binary black-hole mergers could constrain models of quantum physics near black-hole
event horizons [3].
In this comment we derive two additional constraints on graviton propagation, as-
suming that it is massless. First, the LIGO data on GW150914 can be used to constrain
the possibility of Lorentz violation [4] in gravitational wave propagation, assuming that
low-frequency gravitational waves (low-energy gravitons) travel at the conventional speed
of light in vacuo c (that we set to unity from now on), whereas higher-frequency waves
(higher-energy gravitons) may travel at frequency- (energy-)dependent velocities. Sec-
ondly, assuming instead that the velocities of gravitational and electromagnetic waves cg
and cγ are frequency- (energy-)independent, we use the apparent coincidence of a tran-
sient source with photon energies > 50 keV observed by the Fermi Gamma-Ray Burst
Monitor (GBM) [5] to constrain the difference between the velocities of light and gravi-
tational waves in vacuo: cγ − cg < 10−17c.
The LIGO constraint on the graviton mass was obtained from a detailed numerical
comparison of the measured GW150914 wave-form with that calculated for a black-hole
merger [2]. We recall that the GW150914 signal consisted of a ‘chirp’ of increasing
frequencies ω ∼ 100 Hz, with a range of frequencies ∆ω = O(100) Hz. The presence of a
gravitino mass would induce an energy- (frequency-)dependent deviation of the velocities
of the waves emitted during the ‘chirp’ from that of light: ∆v|mg ' −m2g/2ω2. Such a
deviation ∆v would cause a dispersion in their arrival times [6], which is constrained by
concordance of the observed signal with numerical relativity calculations.
It was suggested in [7] that quantum-gravitational effects might induce an energy-
(frequency-)dependent velocity of propagation in vacuo for both electromagnetic and
gravitational waves ∆v|LV n ' −ξ(ω/Mn)n : n = 1 or 2 where Mn is some large mass
scale, where ξ = +1(−1) for subluminal (superluminal) propagation and low-energy
(-frequency) waves would travel at the conventional velocity of light. Such a Lorentz-
violating effect would give rise to an energy-dependent dispersion in the arrival times of
gravitational waves, though with a different energy dependence from a graviton mass.
Such Lorentz violation might be induced by the effects of space-time foam on wave prop-
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agation, in which case one might expect that Mn = O(MP ) ∼ 1019 GeV. We recall that
subluminal propagation is implied by concrete models of space-time foam within brane
theory [8].
It was suggested [9] that the existence of such Lorentz violation [4] could best be
probed by studying energetic photon emissions from distant transient astrophysical sources
such as gamma-ray bursters (GRBs) or active galactic nuclei (AGNs). The most sensitive
limits on such an effect have been placed by MAGIC [10] and HESS [11] observations of
AGNs and Fermi observations of GRBs [12]. No analogous constraint has previously been
established on the possibility of such Lorentz violation in the propagation of gravitational
waves (gravitons), but this is now possible with the LIGO discovery of the gravitational
waves produced in event GW150914, as we now discuss.
In order to obtain a first order-of-magnitude constraint on Lorentz violation in gravi-
tational wave propagation, we assume that a detailed numerical analysis could establish
a limit on ∆v|LV n as the LIGO Collaboration established on ∆v|mg , considering as an
illustration the linear subluminal LV case n = 1.
∆v|LV 1 = −
(
ω
M1
)
' ∆v|mg = −
(
m2g
2ω2
)
. (1)
Accordingly, we estimate M1 & 2ω3/m2g, where we estimate ω ' 100 Hz and use the
LIGO limit mg . 10−22 eV to obtain 1
M1 & 100 keV . (2)
Clearly, this is many orders of magnitude less than the limit M1 & 1019 GeV obtained for
photons (electromagnetic waves) [10–12], and also many orders of magnitude less than
the naive expectation based on ideas of space-time foam, but it is a start 2.
The limit (2) corresponds to a variation in in the velocities of the O(100) Hz gravi-
tational waves emitted by GW150914 at the level of O(10−17). As such, it would have
a negligible effect on the physical scale of the merger event, and hence on the waveform
of the gravitational waves (10−12 m on a scale of 100 km). Certainly, no such effect
would be expected in the framework [7, 8] that motivated this study. The sensitivity to
Lorentz violation should be evaluated using a full numerical simulation of the black-hole
1Since the source of event GW150914 is estimated to have a redshift z . 0.1, effects due to cosmological
expansion and uncertainties in the cosmological model do not affect significantly our estimate. We expect
a similar limit in the superluminal case where the LV effect would have the opposite sign from a graviton
mass.
2We note that substituting the lower limit (2) back into the expression (1) for gravitational wave with
ω ∼ 100Hz yields (in our subluminal example): ∆v|LV 1 = cg − 1 ∼ 4× 10−18, which corresponds also to
the deviation of the propagation speed of massive gravitons from the massless case in a Lorentz-invariant
vacuum.
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merger, and one might expect the sensitivity to increase by an order of magnitude with
the observation of a neutron-star merger with characteristic frequency ω ∼ 1000 Hz.
Looking to the future, observations of the mergers of more massive black holes would not
give an increase in sensitivity, but a new frontier would be opened if/when tensor CMB
perturbations are observed [13].
We now discard the possibility of energy (frequency) dependence in the velocities of
gravitational and electromagnetic wave propagation, and ask instead how similar these
velocities must be. For this analysis 3, we use the arrival times of the GW150914 signal
and the apparently coincident flash of photons with energies > 50 keV observed ∼ 0.4 s
later by the Fermi GBM [5] 4. The plausibility of the Fermi GBM signal has been
questioned [16], but also a number of models have been proposed to explain it [17], which
predict that any such photons would have been emitted in the aftermath of the merger.
Using the distance estimate of ∼ 109 light-years to the source of GW150914, the following
upper bound on the difference between the velocities of light and gravitational waves, cg,γ:
cg − cγ . 10−17 .
We note that the possibility cg < cγ cannot be excluded if the photons were emitted more
than 0.4 s after the gravitational waves.
Another constraint on the velocity of gravitation waves from GW150914 was given
in [18], but this is much more stringent 5. For completeness, we recall that an indirect
lower bound on cg was set in [19], derived from the non-observation of gravitational
Cherenkov radiation from high-energy cosmic rays. If the origin of the latter is assumed
to be extragalactic then cγ − cg < 2× 10−19 cγ, otherwise the bound is weaker: cγ − cg <
2 × 10−15 cγ. On the other hand, we emphasise that our constraint cg − cγ . 10−17
cannot be regarded as definitive, since the Fermi GBM report [5] cannot be regarded as
a definitive observation of a photon flash in coincidence with GW150914. We await with
interest possible future observations of light flashes coincident with gravitational wave
events.
3For previous discussions of the possibility of such an analysis and the assumptions involved, see [14].
4We note, however, that the significance of this apparent coincidence is not high, and that the INTE-
GRAL experiment did not see a signal of similar strength at similar energies [15].
5Previous upper limits on Lorentz violation in photon propagation [10–12] ensure that the cγ inferred
from the putative Fermi GBM observation of GW150914 can be identified with the standard velocity of
light with an accuracy much greater than this constraint.
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Note Added
The LIGO Collaboration has recently reported [20] the observation of a second gravita-
tional wave event, GW151226, interpreted as the merger of two black holes with masses
∼ 14.2 and 7.5 solar masses at a distance d ∼ 440 Mpc. The peak amplitude of the grav-
itational wave train is at ∼ 450 Hz. We make a rough estimate of the sensitivity to M1,
as follows. In view of the consistency of the gravitational wave train with calculations in
general relativity, we assume that
∆v · d . 1
ω
, (3)
where ∆v is the fractional deviation of the wave propagation velocity from that of light,
and we take (conservatively) ω ∼ 200 Hz, leading to
M1 =
ω
∆v
& 400 keV . (4)
This very crude estimate would need to be refined by a detailed numerical analysis, but
it reinforces the point that mergers of smaller objects can give more stringent constraints
on Lorentz violation.
To date, there have been only negative results from searches [21] for a possible electro-
magnetic counterpart to GW151226, so it provides no further constraint on any possible
possible difference between the velocities of gravitational and electromagnetic waves.
We note finally that the LIGO Collaboration describe also [22] a possible signal
(LVT151012) for a merger of a pair of black holes with masses ∼ 28, 16 solar masses
at a distance ∼ 1000 Mpc. If real, this merger would have a sensitivity to M1 intermedi-
ate between those of GW150914 (2) and GW151226 (4).
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